In simian virus 40 (SV40) and several other polyomaviruses, the TATA box of the early promoter is embedded in an AT tract that is also an essential part of the replication origin. We generated an 'AT trap', an SV40 genome lacking the AT tract and unable to grow in CV-1 monkey cells. Cotransfection of the AT trap with oligonucleotides containing AT tracts of human polyomaviruses, a poly(A : T) tract or variants of the SV40 WT sequence all restored infectious virus. In a transfection of the AT trap without a suitable oligonucleotide, an AT-rich segment was incorporated, stemming either from bovine (calf serum) or monkey (host cell) DNA. Similarly, when cells were grown with human serum, a human DNA segment was captured by SV40 to substitute for the missing AT stretch. We conclude that the virus is quite opportunistic in accepting heterologous substitutes, and that even low-abundance DNA from serum can be incorporated into the viral genome.
Mouse polyomavirus and simian virus 40 (SV40) are the founding members of the large polyomavirus family (DeCaprio & Garcea, 2013; White et al., 2013; Ehlers & Wieland, 2013) . In humans, 12 members are now known, including the first-discovered BK polyomavirus (BKPyV; Gardner et al., 1971) and JC polyomavirus (JCPyV; Padgett et al., 1971) , both of which are closely related to SV40 (Broekema & Imperiale, 2012) and can cause severe diseases in immunocompromised individuals. In the course of disease progression, variant viruses with increased pathogenicity often emerge. Such viruses display alterations in their non-coding control region (NCCR), typically duplications and/or deletions that enhance early gene expression and thus replication in the affected tissue (Moens & Van Ghelue, 2005; Hirsch et al., 2013) .
The genome of polyomaviruses is organized as a circular dsDNA of approx. 5 kb, which is divergently transcribed into early and late RNAs. The NCCR includes the origin of DNA replication (ori), early and late promoters, and a strong transcription enhancer (Fig. 1a) . In SV40, which is particularly well characterized, the minimal replication origin has been narrowed to a segment of 64 bp (nt 5211-0031), which overlaps the early promoter (Deb et al., 1986) . The origin also harbours GAGGC sequence motifs, the binding sites for the large T antigen (LTag), an early protein that drives viral DNA replication . One conspicuous feature of the ori/early promoter region is a stretch of 17 As and Ts (Fig. 1a, red box) . This AT tract is essential for viral replication (Fromm & Berg, 1982; Bergsma et al., 1982; Stillman et al., 1985; Gerard & Gluzman, 1986) and gene expression: the sequence TATTTAT at the righthand end serves as a TATA box for early transcription (Benoist & Chambon, 1980; Wasylyk et al., 1983) (Fig. 1a,  b ). This sequence motif of consensus TATAWAWR, typically located about 25 bp upstream of the transcription initiation site(s), is the binding site for the general transcription factor TBP. The TATA box is usually flanked upstream and/or downstream by more GC-rich core promoter elements termed BREu and BREd, which bind the general transcription factor TFIIB (Kadonaga, 2012) . The AT tract region of SV40 deviates both in sequence and spacing from an optimal promoter arrangement, probably due to constraints imposed by the dual role in replication and transcription (Fig. 1b) . However, any deficits seem to be largely compensated by the strong enhancer-promoter region further upstream. In the SV40 laboratory strains, commonly referred to as 'wild type', this harbours, among other elements, two 72 bp enhancer repeats (Banerji et al., 1981; Moreau et al., 1981) and three 21 bp repeats, the latter being essential promoter components for early (and late) gene transcription (Barrera-Saldana et al., 1985; Gidoni et al., 1985) (Fig. 1a) . The AT tract in its entire length could be viewed as a TATA box with an AT-rich preface, or as multiple TATA boxes to account for some of the minor early (b) is shown in reverse orientation relative to the conventional view, to depict early transcription in the direction from left to right. Alterations to generate SacI and XhoI sites for the AT trap construction are shown above the WT sequence in lower case, red letters. The three major transcription start sites are indicated with bold letters (above) or arrows (scheme below). The transcription enhancer of common laboratory strains includes two hallmark 72 bp repeats, indicated in blue (Banerji et al., 1981; Moreau et al., 1981) . [Primary 'archetype' isolates of SV40 from monkeys had only one copy of this 72 bp segment (Ilyinskii et al., 1992; Lednicky et al., 1998; Newman et al., 1998) ]. (b) Comparison of the native SV40 early promoter region with a consensus promoter derived from many eukaryotic genes (Kadonaga, 2012) . TATA box, putative BRE sites for TFIIB binding and major transcription start sites (bold) are indicated; the putative BREu is also a GC box for Sp1 factor binding. Mismatches compared to consensus are indicated in red. (c) The AT trap: an SV40 lacking the 17 bp AT tract (nt 15-31 in the viral genome) that is part of the early promoter and of the origin of DNA replication. The deletion boundaries are demarcated by two synthetic restriction sites, SacI and XhoI. (d) Oligonucleotides used in the attempt to substitute for the missing AT tract. When indicated they are flanked by XhoI and/or SacI sites (lower-case letters) to facilitate recombination with the AT trap. In the inverted SV40 AT tract, the SacI and XhoI sites are exchanged. In the oligonucleotide sequences derived from the human genome (bottom), segments matching SV40s AT tract regions are underlined.
transcription starts (Fig. 1a) (Wasylyk et al., 1983) . Most probably, the advantage of such a sequence lies in the high chromatin flexibility, which could facilitate the interaction of transcription factors, the formation of the Pol II preinitiation complex, and the unwinding of the DNA duplex by LTag for replication (Malkas & Baril, 1989; Travers, 1990; Johnson et al., 2013; Cuesta et al., 2010; Sreekumar et al., 2000) .
To probe the sequence requirements of this AT tract, we generated an 'AT trap', a nearly complete SV40 genome devoid of the AT tract, that was unable to grow unless it was rescued by a functional substitute DNA. An earlier study on the AT tract had been undertaken by Galli et al. (1993) . These authors selected for the rescue of a suboptimal replication origin with exogenous DNA restriction fragments and found a number of AT tract substitutes. Their assay was limited to a qualitative detection of DNA replication only, whereas in our study selection was more stringent, requiring a combination of early gene transcription, DNA replication and compatibility with virion assembly. SV40 DNA missing the AT tract was cloned into a plasmid vector via two synthetic restriction sites, SacI and XhoI (Fig. 1c) . Monkey CV-1 cells were transfected with a mix consisting of AT-less viral DNA, liberated from the plasmid vector by double digestion, and an at least 500-fold molar excess of double-stranded oligonucleotides. These contained AT tracts of SV40 in correct or reverse orientation or with an optimized TATA box (TATAAAT instead of TATTTAT), AT tracts of BKPyV or JCPyV, a poly(A : T) sequence, and two short segments of the human genome resembling the AT tract of SV40. A subset of the oligonucleotides were flanked by XhoI and/or SacI sites such that they could fit into the AT trap (Fig. 1d ).
SV40 recombinants indeed grew out in most dishes where one of these double-stranded oligonucleotides had been present. The time span from transfection to clear signs of infection was not equal for all virus types. Those with AT sequences from SV40 or from JCPyV grew slightly faster than those with BKPyV and polymeric (A : T) sequences (Fig. 2) . However, only a fraction of cells were initially transfected and among these not all could be expected to assemble a functional virus; thus, there must have been at least two infection cycles during the course of the experiment. Considering this, the growth differences seem rather small. In an independent experiment involving the SV40 AT tract with an optimized TATA box on the one hand and AT tract-like sequences derived from the human genome on the other (see below and Figs 1d and 3a, b) , all recombinants produced signs of infection within 1-2 days of the positive control, the oligonucleotide with the genuine AT tract of SV40. Furthermore, the latter recombinants grew equally well as SV40 WT when tested in a reinfection of CV-1 cells (not shown).
A compilation of the resulting recombinant viruses is shown in Fig. 3 . While the SacI site at the distal end was readily accepted, the proximal end underwent some trimming in all but one of the recombinants, whereby the XhoI site was typically rendered non-functional. The extent of junction trimming was characteristic for different oligonucleotides: AT tracts of SV40, JCPyV, BKPyV, and the homopolymeric (A : T) tract had number-weighted average deletions of 2.4, 2.5, 7.8 and 2.9 bp, respectively (Fig. 3a) . This indicates a strong selection for an optimal distance between the righthand end of the AT tract, which functions as a TATA box, and the major site of early transcription initiation; without trimming, this distance would have been extended by 3 bp due to the introduction of the synthetic XhoI site (Fig. 1a) . The relatively large, uniform deletions of 7-8 bp in BKPyV might mean that this AT tract had to be further trimmed to achieve a better match to a TATA box sequence. The homopolymeric (A : T) tract was preserved in most cases; in two clones, a heterologous base interrupts the T tract, perhaps indicating a lesser genetic stability of a homopolymer (Fig. 3a) .
In the human genome, we found several sequences that closely resemble SV40s AT tract. One from chromosome 1 and another one from chromosome 2 were synthesized as blunt-ended double strands, with short or long flanking sequences (Fig. 1d) and co-transfected with the AT trap in duplicate dishes. The short oligonucleotides were readily incorporated and yielded virus in each dish. From the duplicate dishes with the longer version, only one of each managed to produce virus, because the flanking sequence close to the transcription start had to be severely trimmed. In experiments without addition of double-stranded oligonucleotides, an infectious virus emerged which had incorporated a short DNA segment stemming either from the 5 % FCS of the cell culture medium or from the monkey host cell (with strong similarity but no perfect match over the entire length to either of them). Matching bases are indicated by vertical lines. (e) Human genome segment captured by SV40. In this experiment, the cell culture medium was supplemented with 5 % human serum instead of the standard FCS (50 ml serum was obtained from a 69-year-old male volunteer as a side product from a blood donation). Matching bases are indicated by vertical lines.
In contrast, extensions upstream of the AT tract remained largely intact (Fig. 3b) . These results also point to strong spatial constraints at the right-hand (early) end of the AT tract, while extensions to the left side are tolerated.
We also tried to force the AT tract of SV40 in reverse orientation into the viral genome by exchanging the SacI and XhoI sites at the oligonucleotide ends (Fig. 1d) . In none of the resulting viruses was a direct insertion into SV40s restriction sites found. Instead, integration near the early transcription start occurred via non-homologous endjoining (Thode et al., 1990) such that the T-rich strand ended up close to the early transcription start site, indicating a strong selection pressure (Fig. 3c) . The T-rich strand might best suit the above-mentioned needs for a concerted binding of transcription and replication proteins, presumably in conjunction with DNA bending. Taken together, these data show that there is, within the limits addressed above, a surprising flexibility with regard to sequences that are able to substitute for SV40s AT tract in viral gene transcription, DNA replication, and packaging of the recombinants into infectious virions.
Of particular interest were the spontaneously reconstituted infectious viruses obtained from dishes without addition of double-stranded oligonucleotides. While 25 dishes did not yield any infectious virus, in agreement with the essential role of the AT tract, cells in one dish lysed. Sequencing of this recombinant revealed an AT-rich insert with a good match to a motif that occurs, with slight variations, at multiple loci in the bovine genome (Fig. 3d) . Alternatively, with a similar match it could have been derived from the monkey (Chlorocebus aethiops) host cell. There is no perfect match to either of the possible donors, but rearrangements at the junctions of non-homologous end joining are not infrequent (Weber et al., 1984; Günther et al., 2012) . A DNA derived from the FCS in the growth medium would be in line with our previous finding of bovine DNA incorporation into a different SV40 deletion mutant, the so-called enhancer trap (Günther et al., 2012) . Because these insertions might well have been a peculiarity of commercial preparations of bovine serum, we repeated the AT trap experiment with medium supplemented with human serum. From six plates transfected with the AT trap one recombinant virus emerged, this time SV40 had captured a T-rich insert which matched perfectly to human, rather than to monkey DNA (Fig. 3e) . We conclude that such events must occur with remarkable efficiency, considering that (i) no exogenous genomic DNA was added, (ii) even in the experiments with high amounts of AT tract oligonucleotides the efficiency dropped if they also contained non-AT flanking sequences that had to be trimmed ( Figs  1d and 3b) , and (iii) suitable AT tracts must have been far outnumbered by incompatible genomic DNA segments in the serum. Furthermore, the DNA content of serum is variable but generally low, in the order of a few micrograms ml 21 (Lee et al., 2001; Goebel et al., 2005) and in our serum preparations, was below detection limit in gel electrophoresis (not shown). It thus seems possible that serum-borne DNA is present in a molecular setting that facilitates cellular uptake/nuclear translocation during the transfection process. It has long been known that some viruses have incorporated entire (cDNA) genes from the host; examples are src and ras genes in tumorigenic retroviruses (Vogt, 2012) and immune modulatory genes in herpesviruses (Neipel et al., 1997; Holzerlandt et al., 2002) . (Such acquisitions were not facilitated by a specifically prepared recipient virus genome and thus must have occurred with lower efficiency.) A substantial flow in the opposite direction also occurs; besides retroviral inserts, cells can even incorporate genetic information derived from RNA viruses (Geuking et al., 2009) . We propose that in addition to these established cases, there is also transfer between hosts and viruses of short DNA segments whose evolutionary origin may be obscured by alterations due to selection or drift.
